Hydrazine derivatives are widely used in agriculture, in industry, as rocket propellants, and in medicine. Hydrazines also occur naturally in tobacco and mushrooms. Many hydrazines tested in animal studies appear to be carcinogenic and induce tumors in various target tissues in mice, hamsters, and rats. The use of hydrazine derivatives in humans is often complicated by adverse side-effects such as liver injury and rheumatoid arthritis. A number of studies have demonstrated that hydrazine derivatives are activated to reactive intermediates, such as free radicals, through a variety of cellular oxidative metabolic pathways. The aim of this work is to demonstrate the occurrence of free radical intermediates during the metabolic activation of various hydrazine derivatives and to characterize the enzymatic system($ responsible for the activation to free radical species. The hydrazines studied are acetylhydrazine, isoniazid, isopropylhydrazine, iproniazid, methylhydrazine, 1, I-dimethylhydrazine, and 1,2-dimethylhydrazine. The model systems chosen are those of rat liver microsomes and isolated hepatocytes. Free radical intermediates have been demonstrated by the electron spin resonance spectroscopy coupled to spin trapping technique. The activation mechanism has been characterized using inhibitors ofthe mixed function oxidase system and ofthe FAD-dependent oxygenase system. Glutathione was able to scavenge, with high efficiency, the free radicals produced.
INTRODUCXION
Hydrazines and their derivatives are used as insecticides and herbicides in agriculture, as chemical as therapeutic agents in medicine. Drugs that owe their pharmacological activity to the presence of the hydrazine function include monoaminooxidase inhibitors (nialamide, phenelzine), the antitubercular and the anticancer drug procarbazine.
Hydrazine derivatives also occur naturally in tobacco and mushrooms (21)* sess antibiotic properties and are potent antimetabolites (27) . Many hydrazines tested in animal studies apeutic agents is often complicated by adverse sideeffects such as hepatic injury (15) and rheumatoid (1 3). The widespread use has prompted a intermediates in industry, as rocket propellant, and vast body ofstudies on the metabolism and the toxic properties of these compounds (13, 20). The mechanism by which hydrazine derivatives their toxic or carcinogenic effects is still largely unknown and is a subject of intense research (20, that hydrazine and hydrazine derivatives are activated to reactive intermediates through a variety of cellular oxidative metabolic pathways. Hydrazine derivatives have been to interact with and inhibit the activity of the Mixed Function Oxidase agent isoniazid, the antihypefiensive hydralazine, 2 1 , 27 -ESR spectra of the radical adducts obtained from microsomal incubations in the presence of hydrazines and a spin trap. Hydrazine concentration was 1 mhi; the spin trap PBN was used with acetylhydrazine; POBN was used for the others. Isoniazid and iproniazid gave spectra indistinguishable from those obtained from acetylhydrazine and isopropylhydrazine.
In addition, hydrazine derivatives have been demonstrated to be enzymatically metabolized by isolated mitochondria; the enzyme responsible for the metabolic activation is the mitochondria1 amino oxidase (7). During the phase I1 metabolism of hydrazine derivatives, cytosolic glutathione transferases give rise to substantial amounts of GSH-conjugates. This pathway might be a mechanism for the enzymic detoxification of the reactive metabolites of hydrazine derivatives (25) .
The chemical structure and reactivity ofan ample number of intermediates derived from compounds containing the hydrazine group has been studied in detail. Results have been recently reviewed by Moloney and Prough (13) . It has been proposed that the formation of free radical derivatives in viva dur-ing the metabolism of various hydrazines and hydrazine derivatives might be an important step in the production of the ultimate toxin (2, 12) .
The aim of this study is to demonstrate the occurrence of free radical intermediates during the metabolic activation of various hydrazine derivatives and to characterize the enzymatic system responsible for the activation to free radical species. The hydrazine derivatives under study are acetylhydrazine, isoniazid, isopropylhydrazine, iproniazid, methylhydrazine, 1,l -dimethylhydrazine, and 1,2-dimethyIhydrazine. The model systems chosen are rat liver microsomes and isolated hepatocytes. Free radical intermediates have been demonstrated by the use of electron spin resonance spectroscopy coupled to spin trapping technique (10) .
METHODS
Isoniazid, iproniazid, acetylhydrazine, phenyl-tbutyl nitrone (PBN), and 4-pyridyl-1-oxide N-tertbutyl nitrone (POBN) were obtained from Aldrich-Europe, Bersee, Belgium). Acetylhydrazine was kept in a desiccator until used. Methylhydrazine, 1,ldimethylhydrazine, and lY2-dimethylhydrazine were purchased from Boehringer (Mannheim, W. Germany). Isopropyl-hydrazine was synthesized as described by Gever and Hayes (9) .
Metal-catalyzed oxidation of some hydrazine derivatives was performed at pH 10 using CuCl, as prooxidant, according to Augusto et a1 (5) .
Isolated hepatocytes and liver microsomes were prepared, as previously described (l), from male 180 TOMASI ET AL TOXICOLOGIC PATHOLOGY Wistar rats that were pretreated with phenobarbitone (1 g/L in the drinking water for 5 days prior to sacrifice). The hepatocytes and microsomes were incubated at 37°C for 30 min with 1 mM of the various hydrazine-derivatives tested and in the presence of 25 mM of either PBN or POBN. At the end of the incubation, the nitroxide adducts were extracted as in (1) and the organic layer was analyzed in a Bruker ER 200 D ESR spectrometer. Typical instrument settings were: microwave power, 10 mW, modulation amplitude, 1 G; sample temperature, 225°K; scan time, 500 sec; scan width, 100 G. Hypoxia was obtained by flowing oxygen-free nitrogen for 10 rnin on the microsomal suspension contained in a 50ml flask.
RESULTS
Both PBN and POBN have been used as spin trapping agents for the detection of the free radical species produced during the activation of hydrazine compounds. Ortiz de Montellano and coworkers (1 8) have, in fact, demonstrated that PBN could affect the oxidation,of hydrazine, because ofthe inhibitory effect of this spin trap on some enzymatic activities of cytochrome P-450 (1 8).
Acetylhydrazine and isopropylhydrazine added to liver microsomes in the presence of PBN produced easily detectable free radical adducts (Fig. l) , while either methylhydrazine, 1,l -dimethylhydrazine and 1,Z-dimethylhydrazine gave rise to weak PBN-radical adducts.
When POBN was used instead of PBN as the spin trapping agent more intense ESR spectra were obtained with all the hydrazines tested ( Fig. 1 ) except acetylhydrazine. Probably the POBN adducts originating from this latter compound are unstable and rapidly decompose during the extraction proce-dures. Table I reports the hyperfine splitting constants characteristic of each adduct.
Isolated hepatocytes similarly activated hydrazine derivatives to free radical species characterized by coupling constants indistinguishable from those observed in microsomal suspensions (Table I) . Nonetheless, the intensities of the ESR signals obtained with the former were much weaker (Fig. 2) . Isolated hepatocytes had, however, an advantage over the microsomal fractions since they were able to activate not only simple alkylhydrazines, but also drug of pharmacological interest such as isoniazid and iproniazid ( Table I ) . The spectral feature of these latter adducts were similar to those produced by their respective metabolites acetylhydrazine and isopropylhydrazine (Table I) .
The identification of the free radical species trapped in the biological systems was accomplished by comparing the hyperfine splitting constants with reference to the spin adducts produced during chemical oxidation of the same hydrazines (1 6). As shown in Fig. 3 and in Table I , CuC1,-catalyzed oxidation of the different hydrazine produced ESR spectra comparable to those obtained in either liver microsomes or isolated hepatocytes. Therefore, acetyl and isopropyl radicals have been suggested as the species trapped in the presence of, respectively, isoniazid and acetylhydrazine or iproniazid and isopropylhydrazine. Methyl free radical has been postulated instead as the metabolite of all three of the methylhydrazines considered here.
In the microsomal preparations the free radical formation required the presence of NADP' and was inhibited by the incubation under hypoxic conditions (Table 11 ). This indicated that an oxidative reaction involving the microsomal monoxygenase systems was taking place. Experiments carried out using inhibitors of the cytochrome P-450, such as SKF 525A, metyrapone, carbon monoxide, and 1 -nitroisothiocyanate (NITC), further supported the role played by the mixed function oxidase system in the free radical activation of hydrazines (Table  111 ). Microsomal FAD-containing monoxygenase is also known to oxidize 1,l-disubstituted hydrazines. Indeed, methimazole, an inhibitor of this enzymatic system, significantly decreased the activation of 1 , 1dimethylhydrazine, without influencing that of the other compounds (Table 111 ).
An almost complete inhibition of the free radical signals arising from hydrazine derivative was observed when physiological concentrations (4 mM) of GSH were added to the microsomal suspension (Table 11). This indicated that GSH can effectively interact with the radical intermediates originating from the hydrazines, therefore acting as a protective agent toward their toxic effects. DISCUSSION A variety of metabolic pathways have been postulated and, in part, demonstrated for the hydrazines studied here. The oxidation of hydrazines is complex and the formation of various intermediates depends upon the number of substituent groups. Mono-and disubstituted hydrazines generally undergo two-and four-electron oxidation reactions (24) . The 1,2-disubstituted hydrazines tend to form the relatively stable azo intermediate; the 1,l-disubstituted hydrazines giv,e rise to highly unstable diazene intermediates (Fig. 4) . Free radical species may arise from these intermediates through decomposition of the primary cation (16) . Nonetheless, it has been clearly demonstrated that mono-and disubstituted hydrazines undergo one-electron oxidation in biological systems. The hydrazyl(23) and the secondary carbon-centered radicals of some hydrazine derivatives have been detected and identified by ESR-spin trapping; various laboratory's results are reviewed by Mason (I I) .
Covalent binding, lipid peroxidation (6, 20) , and DNA damage (4) are some biological effects that suggest free radical production during hydrazine oxidation and therefore, the possible role exerted by hydrazine free radical intermediates in the development of toxicitykarcinogenicity.
In this study, it has been demonstrated that isoniazid and iproniazid can be activated by isolated hepatocytes to free radical intermediates trapped by PBN (2) . Both the compounds follow a similar metabolic pathway, consisting of the splitting between the isonicotinic ring and the hydrazinic group, which in the case of isoniazid was previously acetylated (26) . Acetylhydrazine and isopropylhydrazine gave rise to spectra identical to those obtained from isoniazid and iproniazid, confirming that the radicals trapped were indeed the acetyl and the isopropyl radicals, respectively. Consistent results were obtained by either using liver microsomes as the activating system, or during Cu2+-mediated oxidation. These results substantially agree with those reported by Sinha (22) who used horseradish peroxidase and prostaglandin synthetase to produce free radical intermediates from isoniazid and iproniazid. The key role played by the cytochrome P-450-monoxygenase system in the activation to a free radical intermediate was indicated by the inhibitory effect of compounds such as SKF 525A, NITC, and carbon monoxide.
Methylhydrazine, 1,l -dimethylhydrazine, and l72-dimethylhydrazine are similarly metabolized to free radical species by both isolated hepatocytes and liver microsomes.
The radical adducts obtained from the incubation of the three methylhydrazines were identical. We postulated that the radical trapped under these conditions is the methyl radical. In support of this suggestion, Augusto et a1 (3) identified the free radical as the methyl radical, formed during the oxidative metabolism of l72-dimethylhydrazine in the horseradish peroxidase/hydrogen peroxide-catalyzed reaction using methylnitrosopropane as the spin trap.
The decrease in the ESR signal intensity observed when various cytochrome P-450 were added to the microsomal preparations suggests the direct, though 2 Liver microsomes were incubated 30 min at 37°C with either 1 mhi of acctylhydrazine, isopropylhydrazine, and methylhydrazine or 2 mhi 1,l-dimethylhydrazine and 1,2-dimethylhydrazine and in the presence of the following concentrations of inhibitors: SKF 525A 1 mhi; metyrapone 0.5 mhl; 1-nitroisothiocyanate 0.1 mhi (NITC); methimazole 1 mhi; carbon monoxide was fluxed for 1 min through the microsomal sqspension. PBN was used as a spin trap in the experiments concerning acetylhydrazine, while POBN replaced it in those concerning the other compounds.
The values are expressed as percent of the ESR intensities in the respective controls incubated without inhibitors. not the sole, involvement in the radical formation of such a system. It is well known that the oxidative metabolism of 1 , 1-disubstituted hydrazines is catalyzed largely by the FAD-containing monoxygenase (1 9 ). This pathway is less important for monosubstituted hydrazines. Here, the inhibitory effect of methimazole on the free radical.formation is evident for 1 , 1 -dimethylhydrazine, but negligible in the case of l72-dimethylhydrazine and methylhydrazine. These results indicate that the NADPHdependent FAD-monoxygenase participates in the activation via free radical intermediates of disubstituted hydrazines.
Experiments carried out on isolated hepatocytes gave generally less intense ESR signals. The explanation may be due to the high reactivity of the activated hydrazines towards glutathione. It is known (25) that the cytosolic glutathione transferases interact with a metabolically activated species of iproniazid, probably the propyl radical, to produce a glutathione conjugate. The various alkyl radicals observed in this study could conceivably interact in the same way giving rise to a high yield of glutathione conjugates or, alternatively, to hydrocarbons formed through hydrogen abstraction. The complete inhibition of the radical adduct formation observed when methylhydrazines were incubated in a microsomal suspension in the presence of 4 m~ GSH is highly suggestive of such a reaction, and indicates a probable detoxifying pathway.
